The impact and long-term ecological ramifications of pollution on the biosphere have stimulated research to evaluate the interactions between pollutants, the environment, and the biota. Of the numerous anthropogenic contaminants emitted and deposited into the environment, cadmium (Cd), an element of no known biological function, is of major concern (7, 8 ; H. Babich and G. Stotzky, in D. Perlman, ed., Adv. Appl. Microbiol., vol. 22, in press). There has been relatively little research to evaluate the response of microorganisms, especially soil microorganisms, to Cd. Although often neglected in environmental pollution studies, soil microbes are dynamically involved in many ecological processes, such as the biogeochemical and decomposition processes necessary for nutrient cycling and maintenance of soil fertility, energy transformations through the trophic levels, and numerous microbe-microbe, microbe-plant, and microbe-animal interactions. Many of these microbial processes and interactions, both positive and negative, may be eliminated or altered in polluted environments (5, 6, 32) .
Studies in pure culture have shown that various species of bacteria, including actinomycetes, and fungi have differential sensitivities to Cd (7) ; that the toxicity of Cd to microbes could be lessened by the incorporation of cysteine (33) , zinc (17, 23) , magnesium (1, 17), chelating agents (35) , and the clay minerals montmorillonite and kaolinite (8) ; and that the toxicity of Cd was greater under aerobic than anaerobic conditions (24) and was enhanced at alkaline pH levels (7) . The toxicity of Cd to the microbiota in natural habitats would, therefore, be expected to be dependent on the physicochemical characteristics of the environment into which the pollutant is deposited. There is, however, little information on the interactions between Cd and microorganisms in natural microbial habitats. Consequently, this study evaluated the influence of clay minerals and pH on the toxicity of Cd to fungi in soil, inasmuch as these two environmental factors have been shown to affect the toxicity of Cd to microbes in pure culture (7, 8) .
Although some investigations have studied the effects of Cd on virus-plant (36) , fungusplant (25) , and bacteria-plant (12) vermiculatum, whereas kaolinite only slightly lessened the inhibitory effects. Kaolinite did not appreciably affect the toxicity of 1,000 ug of Cd per g to P. asperum, whereas montmorillonite provided protection against Cd; the addition of 3 or 6% montmorillonite provided partial protection and 9 or 12% montmorillonite afforded total protection. Kaolinite did not appreciably influence the growth rates of T. viride in the absence of Cd, whereas montmorillonite, at concentrations of 3 or 6%, but not at 9 or 12%, depressed growth. Both kaolinite and montmorillonite, however, significantly reduced the toxicity of Cd to T. viride in soil amended with 1,000 lg of Cd per g, with montmorillonite again providing greater protection than equivalent concentrations of kaolinite (Table 3) .
Effect of pH on growth of fungi in the presence or absence of Cd. In the absence of Cd, growth of A. niger, but not of A. fischeri, was markedly reduced by raising the pH of the soil from 5.1 to 7.2; growth of A. niger was decreased by 26% and that of A. fischeri by 4% (Fig. 1) jig of Cd per g, the reductions in growth in natural and pH-adjusted soils were approximately equivalent, i.e., 27 and 29%, respectively (Fig. 1) .
Growth The end of the first week after inoculation of the fungus, growth of A. niger was essentially restricted in all soil plates to an area within the site where the bacteria had been inoculated 2 to 3 days earlier. After 7 days of incubation in soil unamended or amended with 10 or 100 jig of Cd per g, growth ofA. niger was slightly inhibited in the presence of A. tumefaciens or B. cereus and greatly inhibited in the presence of A. radiobacter or S. marcescens. In the presence of A. radiobacter, growth ofA. niger after 7 days was greater in the soil amended with 100 ug of Cd per g than in soil amended with 0 to 10 ,ug of Cd per g, suggesting that, with 100 gg of Cd per g, the inhibitory effects of A. radiobacter were reduced and, therefore, allowed for better growth of A. niger (Fig. 2) .
In all fungus-bacterium systems, A. niger had overgrown the initial site of bacterial inoculation after the second week of incubation. In soil amended with 0 or 10 ,ug of Cd per g, A.
niger grew approximately the same, whether in the absence or presence ofA. tumefaciens orB. cereus. However, in soil containing 100 ,ug of Cd per g and A. tumefaciens or B. cereus, growth of the fungus after 2 weeks was reduced to a significantly greater extent than when grown in soil containing 100 ,ug of Cd per g but no bacteria. Growth ofA. niger was reduced in the presence of A. radiobacter in all soils as compared to growth of the fungus in the absence of the bacterium, and the presence of Cd did not significantly affect the interaction between the fungus and the bacterium after 14 days, although Cd did influence the inhibitory effects of A. radiobacter after 7 days when the fungus was restricted to the area also containing bacteria. Growth of A. niger was greatly reduced in all soils containing S. marcescens.
In the absence of S. marcescens, 100 pg of Cd per g reduced growth of A. niger by 10%. whereas in the presence of S. marcescens, 100 ,ug of Cd per g reduced fungal growth by 30%, suggesting a synergistic interaction between Cd and the bacterial antagonist on growth ofA.
niger. With 10 ,ug of Cd per g, there was no significant effect on the growth of the fungus, either alone or in the presence ofS. marcescens (Fig. 2) . demonstrated that fungi generally tolerated higher concentrations of Cd when grown in soil than on agar (8) . Several soil factors may have been responsible for this increased tolerance of fungi to Cd in soil. The Cd ions may have been complexed with organic chelating agents (27) and may have been adsorbed to the clay minerals and organic materials in soil (4, 14, 20, 21) . Studies with plants have shown that the uptake of Cd was inversely related to the organic matter and clay mineral contents of soil (11, 13, 16, 26) .
The incorporation of montmorillonite into soil reduced or totally eliminated the toxicity of Cd towards T. viride, A. fischeri, A. niger, P. asperum, and P. vermiculatum, whereas the incorporation of equivalent kaolinite concentrations provided little or no protection against Cd toxicity. Previous studies have shown that the ability of these clays to protect against fungistatic or fungicidal concentrations of Cd was correlated with the CEC of the clay. Montomorillonite, with'the higher CEC, afforded greater protection against Cd than did equivalent concentrations of kaolinite (8) . Incorporation of montmorillonite significantly increased the CEC of the soil, and the increased protection afforded by these clay-amended soils was apparently related to their capacity to adsorb, by cation exchange, greater quantities of exogenous Cd. In previous studies (8) Although there are no comparable studies in the literature on the triple interaction between Cd, soil pH, and microorganisms, there are a few studies, albeit with contradictory results, on the dual interaction between Cd and soil pH and on the triple interaction among Cd, soil pH, and plants. Cd has been suggested to be most mobile in acidic soil of pH 5 and below and immobile in alkaline soil (37) . The adsorption of Cd by illitic clay soil, organic peat soil, kaolinite (4), iron oxides (4, 10), and manganese oxides (10) was pH dependent, with Cd adsorption increasing as the pH was increased. The uptake of Cd from soil by radishes (15, 16, 18) , wheat (22) , and fodder rape (4) was pH dependent, with the uptake being greater at lower soil pH levels. Other studies, however, have shown the uptake of Cd by plants to be pH independent, in that Cd was "taken up with ease by a great number of plant species, in particular, graminae, regardless of soil pH" (19) . Furthermore, radishes grown in a variety of garden soils contaminated with Cd did not show any correlation between soil pH and the Cd content in the radishes (9) .
The growth of A. niger and A. fischeri in a soil contaminated with heavy metals and obtained near a Japanese smelter was the same as growth in non-contaminated soil obtained some distance away. The concentrations of Cd and other heavy metals in this contaminated soil were apparently not sufficient to inhibit growth of these fungi. In Kitchawan soil, 10 or 100 ,ug of Cd per g did not adversely affect growth of A. niger or A. fischeri. In addition, other studies (17) (28) . S. marcescens produces the red pigment prodigiosin, which has antibiotic properties (2), and, when grown in synthetic medium, S. marcescens inhibited growth of several fungi, e.g., Botrytis tulipae and Gloeosporium affinae (3).
Growth of A. niger in soil containing 100 ,.g of Cd per g and either B. cereus or A. tumefaciens was significantly less after 2 weeks than growth in soil containing an equivalent Cd concentration but no bacteria, possibly reflecting the effect of Cd on the inability of the fungus to compete successfully with these bacteria in soil. At the end of 2 weeks, growth of A. niger was greater in soil amended with both A. radiobacter and 100 ,ug of Cd per g than in soil amended with only A. radiobacter, suggesting that A. radiobacter may have been more sensitive to Cd than A. niger, thus perrnitting A. niger to compete better. In the presence of S. marcescens, growth of A. niger was greatly reduced with 100 ,g of Cd per g as compared to growth in soil with 0 or 10 ,g of Cd per g, suggesting a synergistic interaction between higher concentrations of Cd and S. marcescens. This synergistic effect may have involved an interaction between Cd and prodigiosin, similar to the potentiation by Cd of the antibacterial action of bacitracin (38) , spermine, spermidine (39), colistin, erythromycin, streptomycin, and the tetracyclines (34) . The toxicity of Cd, as well as other particulate and gaseous pollutants (5, 6, 32) , to microbes is apparently dependent on the physicochemical characteristics of the environment into which the pollutant is deposited. Thus, in assessing the impact of a pollutant on the biosphere, the influence of the abiotic physicochemital factors on pollutant toxicity should be considered.
